Various growth factors are suggested to be involved in gastric mucosal repair. Our previous studies have shown that exogenous hepatocyte growth factor (HGF) has a proliferative effect on gastric epithelial cells. In the present study, comparison of the maximum proliferative effects and the optimum concentrations of several growth factors revealed that HGF was the most potent mitogen for gastric epithelial cells, as is the case for hepatocytes. Restitution of gastric epithelial cell monolayers was assessed using a round wound restitution model. HGF was the most effective agent for facilitating gastric epithelial restitution among those tested. A binding assay revealed specific binding of HGF to its receptor on gastric epithelial cells. Northern blot analysis confirmed the expression of specific HGF receptor mRNA (c-met) by gastric epithelial cells but not by gastric fibroblasts. To investigate endogenous HGF production, we determined the effect of gastric fibroblast-conditioned medium on epithelial proliferation and restitution. The conditioned medium produced similar effects to HGF and its activity was neutralized by an anti-HGF antibody. In addition, expression of HGF mRNA was detected in gastric fibroblasts but not in gastric epithelial cells. Our immunohistochemical study confirmed these in vitro data by means of demonstrating the existence and localization of HGF at human native gastric mucosa. HGF was localized at fibroblasts under the epithelial cell layer around gastric ulcers. These results suggest that HGF may be a potent endogenous promotor of gastric epithelial cell proliferation and migration, and may contribute to gastric mucosal repair through a paracrine
Introduction
The epithelial lining of the stomach is rapidly renewed by the proliferation of immature gastric epithelial cells. These cells are located in the proliferating zone of the gastric glands ( 1 ) and are regulated by various autocrine, paracrine, and hormonal factors. The proliferative response of these cells to growth factors might be important in maintaining gastric mucosal integrity and in accelerating peptic ulcer healing. Several growth factors, including epidermal growth factor (EGF), transforming growth factors (TGF-a), insulin, and insulin-like growth factor 1, have been reported to induce a mitogenic response of normal gastric epithelial cells in primary culture (2) (3) (4) (5) . Among these factors, the expression of TGF-a has been reported to increase after gastric injury (6) and it is produced by gastric epithelial cells (7) . In addition, Folkmann et al. have suggested that basic fibroblast growth factor (bFGF), a potent growth promoter for vascular endothelial cells, might be important in duodenal ulcer repair (8, 9) . They also reported that exogenously administered bFGF accelerated duodenal ulcer healing to the same extent as a histamine H2 receptor antagonist (10). These findings have suggested the importance of growth factors in the maintenance and repair of the gastric mucosa, although the role of each individual factor requires further investigation.
In addition to proliferation, previous reports have suggested that cell migration is an essential part of the early process of gastric mucosal repair ( 11 ) . After various forms of gastric injury, mucosal integrity is re-established by the rapid migration of epithelial cells across the wound margins in a process termed restitution. Stress ulcers of the gastric mucosa heal rapidly in rats and are almost completely repaired within 24 h (12) . The rapid process of mucosal restitution involves sloughing of the damaged epithelial cells, while viable cells migrate from adjacent to, or just beneath, the injured surface to cover the denuded area ( 13, 14) . Early mucosal restitution appears to be an initial response which prevents deeper mucosal damage and occurs too rapidly to be accounted for by cell proliferation (15) . The lost cells are subsequently replaced by proliferation, which is thought to begin 12-16 h after injury and continues for 1-2 d ( 16) . Therefore, both the migratory and the mitogenic responses of epithelial cells to various growth factors might be important in maintaining gastric mucosal integrity and accelerating peptic ulcer healing. It is of interest that growth factors such as EGF, TGF-a, and insulin have been shown to promote the migration of gastric epithelial cells.
Hepatocyte growth factor (HGF)' is a hepatotrophic factor promoting liver regeneration that was initially purified from rat platelets ( 17, 18) . HGF has been shown to stimulate the growth of various epithelial cells, such as renal tubular cells (19) , epidermal melanocytes (20) , and keratinocytes (21) , sug- gesting that it might play an important role in the repair of these tissues. This factor is produced by mesenchymal cells, including fibroblasts, Kupffer cells, and endothelial cells, but not by epithelial cells (22, 23) . However, the role of HGF in the gastric mucosa has not been well studied, despite the fact that gastric epithelial cells express c-met protein (24) , the HGF receptor.
We have previously shown that HGF induces the proliferation of rabbit gastric epithelial cells in primary culture (25) and that the conditioned medium of gastric fibroblasts also induces gastric epithelial cell proliferation. However, the proliferative factor in the conditioned medium was not determined in that study. In the present study, we confirmed that the factor was HGF by demonstrating the expression of HGF mRNA and by a neutralizing experiment using anti-HGF antibody. We also characterized the effect of HGF on the migration of gastric epithelial cells using an in vitro restitution model. To confirm these in vitro data, we performed immunohistochemical study, using human gastric biopsy samples. Our findings suggest the importance of HGF as a paracrine factor with a key role in the mesenchymal-epithelial interactions of the gastric mucosa. Although there have been numerous studies indicating that HGF functions in a paracrine fashion, it has never been clearly demonstrated that HGF derived from a particular tissue acts on epithelial cells of the same tissue. Therefore, this is the first actual demonstration that locally produced HGF stimulates the proliferation and migration of epithelial cells via a paracrine mechanism.
Methods

Animals
Japanese white rabbits of both sexes (Doken Laboratory, Ibaraki) weighing 2.5-3.0 kg were used.
Reagents
Human EGF was purchased from Wakunaga (Hiroshima, Japan) and human insulin was obtained from Shionogi (Osaka, Japan). Human recombinant HGF was purified from the conditioned medium of CHO cells transfected with an expression vector containing the complete human HGF cDNA (26) . An anti-rabbit HGF antibody was kindly provided by Dr. Reza Zarnegar (University of Pittsburgh, Pittsburgh, PA) (27) . The 
Cell culture
Gastric fundic mucosal cells were isolated from adult rabbits and cultured as described previously (28) . In brief, the fundic mucosa was quickly separated from rabbit stomachs, scraped bluntly, and minced into 2-3-mm2 pieces, which were incubated in BME containing crude type I collagenase (0.35 mg/ml). This was followed by incubation in BME containing 1 
Binding assay
The binding assay was carried out at 10°C by incubating '25I-HGF with a monolayer of gastric epithelial cells as described elsewhere (32) . Gastric epithelial cells in primary culture were incubated for 48 h, after which the monolayer was washed with the binding buffer (20 mM Hepes and 0.2% BSA/Hanks, pH 7.0) and pre-incubated with the same buffer for 30 min at 100C. After equilibration, fresh ice-cold binding buffer containing various concentrations of lnI-HGF with or without an excess of unlabeled HGF was added as indicated. Incubation was done for 1 h at 10C and halted by aspiration of the medium. The monolayer was washed 3-5 times with ice-cold buffer and the radioactivity bound to the cells was measured in a gamma-counter after solubilizing the monolayer with 1 N NaOH. We performed Scatchard analysis, plotting bound '25I-HGF/free '"I-HGF as vertical axis and bound '"I-HGF as horizontal axis (32) . In order to obtain regression, we used the least squares method. All binding experiments were done in triplicate.
Neutralization experiment
Fibroblast-conditioned medium was incubated with chicken anti-rabbit HGF antibody or chicken IgG for 2 h at 370C and its effect on gastric epithelial cell proliferation was determined by the [3H]thymidine incorporation assay described above. F-12 medium with EGF was also incubated with the anti-rabbit HGF antibody and its effect on gastric epithelial cells was assessed to determine the specificity of the antibody.
Reverse transcription polymerase chain reaction for c-met
Total cellular RNA was isolated from cultured cells grown to confluence in 100-mm culture plates using RNAzol'hB (Cinna/Biotecx Laboratories, Inc. Houston, Texas). 5 jig total RNA was reverse transcribed using M-MLV reverse transcriptase (GIBCO BRL), after which the product was denatured at 950C for 5 min and cooled on ice. The polymerase chain reaction (PCR) was 
Northern blot hybridization
Total RNA was extracted from cultured gastric epithelial cells or gastric fibroblasts by the AGPC method (33) and purified to mRNA on an oligo(dT)-Cellulose Spun Column using a QuickPrep mRNA purification kit. Two micrograms of poly (A) + RNA was electrophoresed on 1% agarose gel containing 0.66 M formaldehyde and transferred to a HYbond-N+ nylon membrane filter. As a probe for HGF mRNA, a 1.4 kb HGF cDNA fragment including the 3 '-portion of the a subunit, the /3 subunit, and part of the 3'-untranslated region was obtained from pRBCl using the restriction enzyme EcoRI (34) . As a probe for the detection of c-met, the PCR product obtained as described above was purified with a Quiaex DNA gel extraction kit. The cDNA was labeled with [a-32P]dCTP by the random primer method using a Megaprime DNA labeling system, after which the membrane was hybridized with the cDNA probe at 650C for 2 h in rapid hybridization buffer. Then the membrane was washed in 2x SSC with 0.1% SDS for 20 min at room temperature, followed by washing twice in 0.1x SSC with 0.1% SDS for 15 min at 650C. Finally, it was exposed to x-ray film for 48 h at -70°C using an intensifying screen.
Reverse transcription polymerase chain reaction for HGF Biopsy specimens were obtained endoscopically from the edges of gastric ulcers and from normal mucosa and were immediately frozen in liquid nitrogen. Later, total cellular RNA was isolated, using RNA- zolT'B (Cinna/Biotecx Laboratories, Inc. Houston, TX). 5 tig total RNA was reverse transcribed using M-MLV reverse transcriptase (GIBCO BRL). The product was heated at 950C for 5 min and then .14 NA I ,.,j. cooled on ice. The PCR was carried out in the same buffer as that used for the c-met PCR. Using 10 ml of the reverse-transcribed product, 40 cycles of amplification were performed for the first-strand hHGF cDNA. 30 pmoles of each of the hHGF primers was used (sense: 5 '-CAG CGT TGG GAT TCT CAG TAT-3'; antisense: CCT ATG TTf GTT CGT GTT GGA-3').
These primers respectively represent the sense sequence in the K3 (exon 8) domain of the a chain (nucleotide 979-1000) and the antisense sequence in the 5' portion (exon 13) of the chain (nucleotide 1497-1518) of hHGF mRNA (17) . Each 
Results
Cell culture and identification. Cultured cells formed subconfluent monolayers at 48 h after inoculation and 93% of the cells in these monolayers had PAS-positive material in the cytoplasm (Fig. 1 a) . Three percent of the cells showed a strong reaction for succinic dehydrogenase activity, indicating that they were parietal cells, and 2% of the cells had granules positive for Bowie staining, indicating that they were chief cells. Transmission electron microscopy revealed that the majority of the cells contained electron-dense granules which are characteristic of mucous cells. These findings indicated that the cultures consisted mainly of mucous-producing cells (28) . As mentioned earlier, these mucous-producing cells died after one month of culture and fibroblasts became predominant (Fig. 1 b) . The fibroblasts were stained with an anti-vimentin antibody and not stained with an anti-cytokeratin antibody, whereas the epithelial cells were stained with the anti-cytokeratin antibody and not with the anti-vimentin antibody (data not shown). This result is in accordance with the fact that cytokeratin is an epithelialspecific protein and vimentin is a mesenchymal-specific protein that is normally expressed by fibroblasts.
Effect of HGF on gastric epithelial cell proliferation. HGF significantly stimulated DNA synthesis by gastric epithelial cells in a dose-dependent fashion, as we have reported previously (25) . The dose-response profiles for EGF and insulin were also determined simultaneously. The maximal response was obtained with 15 ng/ml (180 pM) HGF, 10 ng/ml (1640 pM) EGF, and 20 mU/mI insulin (Fig. 2 a) . This optimum HGF concentration was extremely low, considering that the molecular weight of HGF is more than ten times greater than that of EGF. We simultaneously compared the maximal DNA synthesis of gastric epithelial cells stimulated by HGF, EGF, insulin, and 10% FBS, using cells from the same source to avoid variations due to differences in the background conditions. The maximal DNA synthesis induced by HGF was significantly higher than that induced by the other factors (HGF > insulin > 10% FBS > EGF) (Fig. 2 b) . These findings indicate that HGF is the most potent mitogen for gastric epithelial cells among those studied, as was also the case for hepatocytes in a previous study (17) .
Effect of HGF and other factors on restitution. Confluent monolayers of gastric epithelial cells were wounded with a custom-made scraper that produced a round wound -1.5 mm 1998 Takahashi et al. in diameter, and then were cultured with HGF and other factors. Cells from the edges of the wound gradually migrated to cover the defect. Fig. 3 a shows the time course of wound restitution in the presence of 10 ng/ml HGF. EGF (1-100 ng/ml), 10% FBS, and HGF ( 1-40 ng/ml) all significantly facilitated restitution when compared with the control. EGF maximally stimulated restitution at a concentration of 20 ng/ml (3280 pM) (data not shown). Fig. 3 b shows the dose-response of the effect of HGF on the restitution of gastric epithelial cells at 16 h after wounding of the monolayers. It was found that 10 ng/ml (120 pM) was the optimum concentration. HGF showed by far the most potent promotion of restitution among the agents tested (Fig. 3 c) , and its effect was synergistic with that of EGF (data not shown). Addition of cycloheximide at a concentration (10 nM) which completely blocked the induction of DNA synthesis by HGF (Fig. 3 d ) had no effect on the restitution process, suggesting that HGF stimulated restitution by facilitating migration alone without any effect on mitogenesis. Binding assay. Fig. 4 (Fig. 5) .
Effect offibroblast-conditioned medium on gastric epithelial cell proliferation. Conditioned medium obtained from the cultured fibroblasts stimulated the growth of gastric epithelial cells in a concentration-dependent fashion (25) and boiling of the conditioned medium eliminated this effect (data not shown). The proliferative effect of the conditioned medium was neutralized by an anti-HGF antibody in a dose-dependent manner (Fig.  6 a) , while it was not affected by normal chicken IgG (data not shown). In contrast, the proliferative effect of EGF was not influenced by this antibody (Fig. 6 b) . These results indicate that the proliferative effect of the conditioned medium was at least partly due to HGF produced by fibroblasts.
Effect offibroblast-conditioned medium on gastric epithelial cell restitution. Conditioned medium obtained from cultured fibroblasts also facilitated the restitution of gastric epithelial cell monolayers (Fig. 7) and boiling of the conditioned medium eliminated this effect (data not shown). The stimulatory effect of the conditioned medium on restitution was also neutralized by the anti-HGF antibody (Fig. 7) , while it was not affected by normal chicken IgG (data not shown). Addition of the anti-HGF antibody alone at the dilution used in this studies did not have any effect on the restitution of gastric epithelial cells (data not shown). These results indicate that the stimulatory effect To obtain a regression line, we used the least squares method. The Kd value was 32±19.7 pM. The number of HGF receptors was 488±124 sites/cell (95% confidence interval).
of the conditioned medium on restitution was at least partly due to HGF produced by fibroblasts.
Expression of HGF mRNA. Fig. 8 HGF mRNA. The difference between ulcer edges and normal mucosa is significant (P = 0.02). Fig. 9 shows a representative demonstration of HGF mRNA expression in tissues from the edge of a gastric ulcer and from normal gastric mucosa. Since the PCR primers used corresponded to sequences in exon 8 and exon 13 between which there are introns, only the first strand cDNA of full length HGF would yield a PCR product of this size.
Distribution of HGF in human gastric ulcers and normal mucosa. We stained tissues obtained endoscopically from the edges of gastric ulcers or from normal gastric mucosa at a site sufficiently distant from any ulcers. The tissues were treated with heparinase in order to avoid the binding of HGF to heparin or heparan sulfate in the extracellular matrix, since HGF has a strong affinity to heparin (37) .
Spindle-shaped cells located beneath the epithelial cells, probably fibroblasts from the ulcer edges, were clearly and strongly stained by the anti-HGF antibody, suggesting the presence of HGF protein in these cells (Fig. 10 a) . These cells were not stained by non-immunized rabbit serum (Fig. 10 b) , indicating that the staining was specific for HGF. In contrast, there was no positive staining of the tissues from normal gastric mucosa (Fig. 10 c) Time (h) Figure 7 . Effect of fibroblast-conditioned medium on gastric epithelial cell restitution. Conditioned medium also facilitated the restitution of gastric epithelial cell monolayers and this effect was suppressed by an anti-HGF antibody (dilution: 1:500), suggesting that HGF in the medium was involved in promoting restitution. 
